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Abstract; The kinetics of isotopic exchange between D, and H»>O under catalysis by OH™ have been determined in dimethyl
sulfoxide-water mixtures as a function of temperature. Activation parameters have been derived. It is found that AH? de-
creases by 7 kcal/mol over the range 0-50 mol % Me,SO and then rises slightly. AS? passes through a minimum near 60 mol
% MesSO. As a result, AG* decreases only moderately (3.5 kcal/mol) over the full range of medium composition. Transi-
tion-state enthalpies of transfer, AH!, from water to aqueous Me,SO, have been evaluated using the enthalpies of activa-
tion and the known enthalpies of transfer of OH™ and D,. The 6AH ! term is endothermic throughout the range of solvent
composition; for 96.9 mol % MeSO, AH " is 13.7 kcal/mol, compared with a value of 17.5 kcal/mol for hydroxide ion.
This points to a transition-state structure with considerable charge localization on oxygen, resulting in transition-state desol-
vation in Me;SO-rich media. This conclusion allows certain mechanisms for the D>-OH™ exchange to be excluded. Current-
ly favored are a mechanism in which an H,O molecule participates in the rate-determining step, providing electrophilic assis-
tance for removal of D~ during attack by HO™ on D», and one involving rate-determining replacement of an H,O of solva-
tion from hydroxide ion by D> followed by rapid isotopic exchange.

We had previously reported!? on the rate of the hydrox-
ide ion catalyzed isotopic exchange of molecular deuterium
in dimethyl sulfoxide (Me;SO)-water mixtures at 65°C (eq
1).

OH~
D, + HO —— HD + HOD o)
Me,SO

It had been anticipated that the rate enhancement accruing
from use of Me;SO media would make this isotopic ex-
change* of value in heavy-water separation.> A number of
H/D exchange reactions in which proton transfer from sub-
strate to base is rate-determining exhibit rate enhancements
of 10'9 or more when the medium is changed from aqueous
(or alcoholic) to ~99 mol % Me,SO.5-8 However, in our
study the rate of exchange increased only by 10* on chang-
ing the medium from water to 99.6 mol % Me,SO.? Ex-
pressed in terms of rate correlation with the H- func-
tion,>10 a reaction exhibiting a rate enhancement of 101°
when the medium is changed from H,O to 99.6 mol %
Me,SO would have a slope of 0.7 in the log k vs. H- plot.
In contrast, reaction 1 shows a much shallower dependence
of log k on H_; one obtains a slightly curved plot with an
initial slope of 0.23 and final slope 0.36.3

A number of mechanisms were considered in order to ac-
count for this and other characteristics of the D, exchange
process (vide infra). However, we felt that the data at hand,
obtained at a single temperature, were insufficient to distin-
guish among at least four of the possibilities.}

Desolvation of the “hard” hydroxide ion, resulting from
the inability of Me,SO to form hydrogen bonds with anions,
is believed to be the main factor responsible for the rate-
enhancing properties of Me>SO and other dipolar aprotic
media, relative to protic solvents. Desolvation of the transi-
tion state has been thought to be less important in most
cases and in fact evidence has been presented that in some
reactions there is increased solvation of the transition state
in dipolar aprotic media, particularly when charge could be
delocalized and a polarizable transition state resulted.!!-13

In recent years, quantitative data have become available
on enthalpies of transfer, 6AH,, of neutral and ionic
species, between hydroxylic and dipolar aprotic media.!?-18
Focusing on the reaction at hand, AH,, data are available
for transfer from H»O to Me>SO-H»0 mixtures for ~OH16

as well as for H».!8 In Me,SO rich media, the AH,, term
for OH™ far exceeds that for H,. The sum of the terms for
H> and OH~ for transfer from H,O to 99 mol % Me,SO is
ca. 20 kcal/mol. This represents a very large desolvation en-
ergy and, if it were all utilized kinetically, the resulting rate
enhancement would be ca. 10'%. In contrast, as we have
seen, the observed rate enhancement is only 10* Evidently
the transition state must also be profoundly affected by the
medium change. In order to learn more about the transition
state behavior, we have undertaken a study of the activation
parameters of the reaction, and the results are reported
herein.

Experimental Section

Deuterium gas was stored as uranium deuteride or used directly
as supplied by Matheson. Purification and storage of Me>SO has
been described elsewhere.l® Deionized distilled water was used.
The tetramethylammonium hydroxide was a standardized solution
of 25% aqueous Mes4NOH (Matheson Coleman and Bell).

Exchange of D, was effected in a closed glass reaction vessel
containing the basic solution and D, gas at 1 atm pressure, under
conditions of thorough mixing, with the vessel submerged in a con-
stant-temperature oil bath. Details of the design of the reaction
vessel, the preparation and transfer of solutions, and the general
procedure were given previously.!

Reaction was followed by sampling the vapor phase and analyz-
ing for Do/HD/H, by mass spectrometry. Exchange rates were
obtained from plots of log (mole % D,) vs. time, by means of least-
squares calculation. The resulting first-order rate constants, which
apply to the “vapor phase” rate of exchange of Do/HD/H», were
converted to in-solution rate constants by multiplying by the factor
(total moles of D5 in the system)/(moles of D, dissolved in the lig-
uid phase). This factor was calculated from the solubilityl? of D,,
the total volume of the reaction vessel, and the solution volume.
The correction factor varied from 95 to 180, becoming greater as
the temperature was lowered. The resulting rate constants are be-
lieved to be accurate within £5% over the solvent composition
range 0-95 mol % Me>SO. In >95% Me,SO some decomposition
of the base set in, so that only initial rates were measurable (1 half-
life or less); the resulting uncertainty in the rate data at ~99%
MesSO is 20%. In the Me,SO rich media base-catalyzed equilibra-
tion of the hydrogen isotopes of CH3SOCH 3 and H>0 molecules is
facile,202! 5o that the effective H:D ratio remains large under all
conditions of exchange. The base concentration was constant for a
given solvent system but was varied from one solvent to another so
as to bring the reaction rate within a conveniently measurable
range (Table I).
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Table I, First-order, In-Solution Rate Constants (sec™) for D, Exchange in Me,SO—Water—Me ,NOH
Me,SO, mol %: 20.2 40.1 77.9 87.5 96.9
Me ,NOH, M: 0.460 0.361 0.415 0.134 0.096 0.022
Temp, °C
35.0 3.72% 107 2.44 x 107 4.55x 107 5.05 x 107
1.76 X 107
-3
50.0 8.65 X 107 3.28 X 107* 1.45 X 107 8.41 x 107 1.60 x 10~ 2.06 X 1073
1.63 X 107
1.73 X 107
65.0 3.78 x 107 114 x 1072 4.20 X 107 322 % 107 5.75 X 107 a0
80.0 1.56 X 107 3.75 % 107 1.36 X 1072 9.25 x 107 1.72 X 1072 2.32x 107

Table II, The Activation Parameters E,, AST, and AG¥ for D, Exchange in the Me,SO—Water—Me ,NOH System

Me,SO, mol %: 0 20.2 40.1 59.0 77.9 87.5 96.9
E,, kcal/mola 24.7z1d 21.9+0.8 18.4 « 17.1£0.5 17.6 £ 0.5 17.5 £ 0.5 18.8 + 0.5
AS%, cal/(deg mol)? -7.2:3d —-10.6 +2.5 -19.0 = -20.7+2.0 -16.9 £ 2.0 -15.5+£2.0 -7.6+2.0
AGE, keal/mol€ 26.5d 24.8 24.1 234 22.6 22.0 20.7

aCalculated from experimental data at base concentrations indicated in Table 1. #Calculated from derived rate constant data at 0.011 M
Me,NOH at 65°. €AG¥ calculated at 65°C from AGE = aH% — TaS%; aHt = E, — RT. dData derived from work of W. K. Wilmarth et al,,
J. Amer. Chem, Soc., 75,4549 (1953) and U. Schindewolf, J. Chim. Phys., 60, 124 (1963).

Results

The first-order in-solution rate constants for base-cata-
lyzed D; exchange measured at several temperatures from
35 to 80°C over the range of solvent composition are pre-
sented in Table I. From these data energies of activation,
E,, were calculated from plots of log k vs. 1/T. The indi-
vidual data points fell within 5% of the least-squares lines
for these plots. Entropies of activation, AS? were obtained
using the equation recommended by Bunnett,?? with rate
constants for 0.011 M base at 65°C obtained by extrapola-
tion or interpolation of the kobsa vs. [MesNOH] data in
Table II of ref 1. Free energies of activation, AG?, at 65°C
were obtained from AG! = AH! — TAS?, although direct
calculation from k» = (kT/h) exp(—AG?/RT) gave compa-
rable data. The resulting values of AGY, ASY, and E, for the
various Me;SO-water mixtures are given in Table I1. A
graphical representation of AGY, AHY, and TAS? (kcal/
mol) as a function of medium composition is shown in Fig-
ure 1.

Discussion

Compensation of Enthalpies and Entropies of Activation,
It is seen (Table II and Figure 1) that AH? decreases sub-
stantially as the Me>SO content is increased from 0 to 50
mol %, but it effectively levels out beyond this composition.
The AS? term also decreases from 0 to 50 mol % Me,SO,
passing through a minimum in the region of 60 mol %
Me,SO0, and thereafter rises sharply. Thus there is an effec-
tive compensation?2-25 between AH? and TAS?, with the re-
sult that AG? is a slightly decreasing function over the en-
tire range of solvent composition.

Enthalpies of Transfer, Transition-state enthalpies of
transfer, AH ', from water to aqueous Me;SO, can be
evaluated by combining the activation parameters (Table
IT) with literature data on the enthalpies of transfer of deu-
terium gas, 8AH P2, and of hydroxide ion, AH°H™. The
term 8AH P2 is available from measurements of heats of
solution of hydrogen and/or deuterium in H,O-Me,SO
mixtures.!8:1° Enthalpies of transfer of single ions are not
measurable directly but can be derived from measurements
on salts by using certain extrathermodynamic assump-
tions,’"'7 namely that §AH, (Ph4As*) = SAH(PhsB™).
This has yielded 6AH,,OH" data for the entire H,O-Me,SO
range of solvent compositions.!3 Interpolated sAH,, values
pertaining to the present system are included in Table I11.
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Figure 1, Activation parameters for OH™ catalyzed exchange of D as
a function of medium composition in the H,O-Me>SO system.

It is seen from Table III that for D the enthalpy transfer
term is endothermic; however, 8AH P2 passes through a
maximum value of 2.7 kcal/mol at ~35 mol % Me,SO and
then gradually decreases to 2.1 kcal/mol. Hydroxide ion ex-
periences an initial slight exothermic process, with
8AHOH™ = —0.8 kcal/mol at 10 mol % Me,SO, but there-
after the process becomes strongly endothermic, with
SAHOH™ reaching 17.5 kcal/mol in 96.9 mol % Me>SO.
The sum of the constituent terms for the reactants in the
isotopic exchange process, AH R = §AH P2 + 6AHOH,
is shown graphically in Figure 2 for the whole solvent com-
position range. 8AHR increases only slightly until 10%
Me,SO, more strongly till 40% Me,SO, then levels off
somewhat. At 96.9 mol % Me>SO, SAH R = 19.6 kcal/
mol.

The transition state enthalpy of transfer, sAH,, from
water to an aqueous Me>SO medium may be calcula-
ted!2-15 from 8AH,' = AH R + 6AH?!. Here 6AH% is the
difference in the enthalpies of activation between the two
media, i.e., SAH! = AHY(x% Me,SO) — AHY(H,0), and
S3AH R is as defined previously. Values of §AH ! thus cal-
culated for the entire region of medium composition are
given in Table III and shown in Figure 2.

From Figure 2 it is apparent that the transition-state en-
thalpy transfer from water to aqueous Me,;SO is endother-
mic and that the endothermicity increases markedly as the
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Table L
Me,SO—H,0 System?

Enthalpies of Transfer (kcal/mol) for Reactants and for the Transition State of the D,—~OH™ Exchange Process in the

Me,S0, mol % saH; D2 s AH OH” 5 AHy R ag¥ saHt 8 AHy, !

0 0 0 0 24.0 0 0
10 1.2 -0.8 0.4

20.2 2.1 +3.7 5.8 21.2 -2.8 3.0
40.1 2.6 10.1 12.7 17.7 -6.3 6.4
59.0 2.2 13.8 16.0 16.4 -7.6 8.4
77.9 2.1 16.0 18.1 16.9 -7.1 11.0
87.5 2.1 16.9 19,0 16.8 -7.2 11.8
96.9 21 17.5 19.6 18.1 -5.9 13.7

as AHD: from ref 18; 6 aAH OH from ref 16; aH¥ values determined in this work (see Table II) except value for 0% Me,SO which is

taken from ref 4. 5 AHy, ! calculated from 8 AHy,t = 6 AH R + aHT,
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Figure 2, Enthalpies of transfer for reactants (SAHR) and for the
transition state (6AH') of the D>-OH™ exchange process in H,O-
Me>SO mixtures.
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Me>SO content is increased. This is contrary to the situa-
tion found in reactions such as nucleophilic displacement at
saturated carbon or at aromatic carbon, where the corre-
sponding transition-state enthalpy transfer term is generally
strongly exothermic.'2!3 However, the present reaction
shows some similarity to alkaline ester hydrolysis,!4!5 in
which case the transition-state enthalpy transfer is also en-
dothermic, though not nearly to the same degree as in the
present system.

The degree of endothermicity for the transition-state
transfer in the present system is quite remarkable, with
8AH,! reaching a maximum value of 13.7 kcal/mol in 96.9
mol % Me,SO. This desolvation energy is about two-thirds
of 8AHR, the desolvation energy of reactants from aque-
ous medium to 96.9 mol % Me,;SO. Evidently the destabili-
zation of OH~ (noting that AH®H™ is the major compo-
nent of SAH R in Me,SO rich media) is largely retained in
the transition state. It is also interesting that, in >40 mol %
Me,SO, SAH ' increases almost linearly whereas the
S3AH R function shows slight downward curvature. There-
fore, if the enthalpy terms were the only ones controlling
the rate of reaction, a decreased rate would result on in-
creasing the Me>SO content above ~60 mol %. However,
the increasing AS? term over this region (Figure 1) com-
pensates for the divergence between the SAH ! and 6AH R
terms, resulting in a net increase in reaction rate.

Mechanistic Implications. The substantial desolvation of
the transition state on transfer from water to aqueous
Me,;SO media must be of primary concern in consideration
of mechanisms for isotopic exchange. It appears that only
those mechanisms which retain a substantial degree of
charge localization on electronegative atoms in the rate-de-
termining transition state may be retained for serious con-
sideration. Therefore, we may exclude certain cyclic transi-
tion states such as A! and B:26

5t

WD & 17
& H(:) l?o HO""I?
i 1Y o
5 5
H H
A B

Structure A had been proposed! to take into account the
possibility of mechanisms requiring ion pairing between the
cation (M*) and hydroxide ion, as well as electrophilic as-
sistance from a solvent molecule which may be coordinated
to M*. In the four-centered cyclic transition state B, the
H,0 molecule providing electrophilic assistance is consid-
ered to be one of the molecules solvating the attacking hy-
droxide ion; OH™ is usually assigned three H,O molecules
in its first solvation sphere.2” In both A and B there will be
an internal charge dispersal since, in the cyclic transition
states, the various bond-making and bond-breaking pro-
cesses occur concertedly. Additionally, in A, the negative
charge on OH™ is effectively neutralized by the coordinated
counterion M™*. Therefore, if the exchange mechanism in-
volved the rate-determining transition states A or B, only
moderate desolvation should accompany changing the me-
dium from aqueous to Me;SO rich; this should be reflected
in small sAH ' values, contrary to observations.

For isotopic exchange involving proton transfer between
base and a weak acid (D3), the simplest mechanism is prob-
ably the two-stage process, eq 2 and 3. The first stage ( eq
2) involves rate-determining abstraction of a proton from
D, leaving temporarily a deuteride ion. In the second stage
(eq 3) D~ is rapidly discharged by reaction with the proton
donor, H,0, yielding DH and regenerating OH~. The tran-
sition state of the rate-determining step is C.

slow
HO™ + D—D — HOD + D~

(2)
fast _
D™ + HOH — DH + OH (3)
6= s+ a-\
[HO...D...D
C

Formation of free deuteride ion can be circumvented by
direct participation of a water molecule in the rate-deter-
mining step in order to provide electrophilic assistance for
removal of D™ (eq 4) and thereby avoid formation of a
high-energy intermediate.?® The transition state D would
have the probable charge distribution indicated.

HO" + D—D + HOH — HOD + DH + OH™ @
s~ e+ b= b+ -1
[HO...DD.HOH]

D
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It is rather difficult to make an enlightened choice be-
tween the mechanisms given by eq 2, 3, and 4. In the latter
case the negative charge in the transition state D, though
less localized than in the reacting OH™, is nevertheless
largely retained on electronegative oxygen atoms. Forma-
tion of the transition state will therefore be accompanied by
somewhat smaller solvation requirements compared with
the reactants, leading to SAH' being moderately smaller
than AH R, as observed.

For the mechanism of eq 2 and 3, the rate-determining
transition state has the negative charge residing in part on
oxygen and in part on deuterium. Now deuteride (hydride)
ion is considered to be a “soft”, polarizable base on the
scale which puts negatively charged oxygen a *“hard”, non-
polarizable base,?® To the extent that charge is generated
on the deuterium, the solvation requirements will be re-
duced in the transition state C relative to the reactants, and
also relative to transition state D. The lesser solvation of C
than of D would lead to a smaller AH ' for the former
case. Since the data of Table III point to large solvation re-
quirements of the transition state, the mechanism of eq 4
appears to be the more favored one. It is interesting to note
that as the % Me,SO is increased, the concomitant desolva-
tion of the reacting hydroxide ion will cause it to become
more basic.3%3! This in turn will lead to more reactant-like
transition states,3? with a greater negative charge concen-
trated on the attacking oxygen.

A novel approach to the D, exchange problem was put
forth by Ritchie and King?? as a result of ab initio (LCAO-
MO-SCF) calculations. These indicated that the gas-phase
reaction of HO™ with H, yielding H»O and H™, or the re-
verse process, proceeds by way of a metastable addition
complex [HOHH] ™, the formation of which is not associ-
ated with a classical activation energy. It was concluded
therefore that the activation energy associated with isotopic
exchange in solution (ca. 24 kcal/mol) arises from the re-
quired partial desolvation of hydroxide ion before that can
react with D; to yield the adduct [HODD]™; a fast step
with H,O then yields the products of exchange:

f
HO—D—D~ + HOH —» HOD + DH + OH" ()

This proposal can accommodate our present results when
it is borne in mind that, in aqueous medium, hydroxide ion
is considered to be solvated by three molecules of H»0.27
Thus the rate-determining step for isotopic exchange be-
comes the replacement of one molecule of H,O in the pri-
mary solvation shell of OH™ by D,.3* This can be represent-
ed by eq 6 for which the transition state is given by E:

H slow H
D—D + HOH:---O(H,0), — HOH + D—D---0(H;0),
() =)
H
HOH - O(H,0),
(=) (6)
D
D

E

The product in eq 6 has the essential character of the addi-
tion complex put forth by Ritchie and King, but solvated by
two molecules of H>O.

It is apparent that the transition state of this process, E,
has a considerable solvation requirement so that one would
expect an appreciable medium effect on transfer from water
to Me>SO, i.e., a substantial AH ! value. If the reasonable
assumption is made that E resembles the intermediate com-
plex structurally, i.e., that bond formation to DD and bond
rupture from HOH is well advanced, then solvation of the
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transition state will be about two-thirds of that of the reac-
tants, hydroxide ion and D,, bearing in mind that the hy-
droxide ion term predominates. On this basis the 6AH,!
term should be about two-thirds as large as 6AHR but
should decrease somewhat in media of low Me,SO content
in which the §AH,P2 term contributes more appreciably. In
practice (see Table III), SAH'/8AH R decreases from 0.7
in the high Me,SO composition range to 0.5 in media of low
Me,SO content, which is in agreement with the above con-
siderations and tends to support the addition complex
mechanism for D,-OH™ exchange. However, decision as to
the actual operating mechanism (eq 2-6) is perhaps best
deferred until further mechanistic criteria become avail-
able, for example, measurements of kinetic isotope effects.

The Me,SO-water solvent system is recognized to be
structured.3>36 A variety of physical properties indicate
that maximum structure corresponds to a 2:1 M composi-
tion of H>O and Me,SO (e.g., viscosities, refractive index-
es, enthalpies of solution, etc. often exhibit extrema at this
composition). It might have been expected, therefore, that
in D, exchange some characteristic property of reaction
would also exhibit an extremum at that solvent composi-
tion. It is interesting then that though §AH H2 exhibits a
relatively low maximum at 33 mol % Me;SO, 6AH,CH”
does not, and neither does SAH R, It is also significant that
8AH'is a smooth function of the Me,SO composition.

An extremum is found, however, in one of the experimen-
tal properties recorded in this work, namely in the AS?
function in the region of 60 mol % Me,SO. Since entropies
of activation are believed to reflect the organization of sol-
vent molecules in the transition state relative to the reac-
tants,’” it would clearly be desirable to be able to dissect the
terms 6AS R, 8AS,, and 3AS? corresponding to the dis-
section of the §AH |, terms in this work. Unfortunately pres-
ently available data for 6AS,OH™ cover only part of the
Me,SO-water system.?® The important role of entropies of
activation in this reaction is clearly shown by the fact that,
in >60 mol % Me;SO, where SAH ! diverges from 3AH R,
the increase in reaction rate is brought about by the contri-
bution of the AS? term.
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Abstract: On the basis of the observed matrix-infrared spectrum of benzyne, a structure and set of force constants and bond
orders are proposed, other possible structures are ruled out, and predictions are made of yet-unobserved frequencies and of

the vibrational spectrum of benzyne-ds4.

Benzyne, or 1,2-dehydrobenzene, has offered a challenge
to our capacities to infer structures and bonding, ever since
its existence was demonstrated.!? The reactivity of ben-
zyne—the apparently very low or zero activation energy of
dimerization, for example—indicates that the species is
more like a diradical than a benzene with an extra electron-
pair bond.>* Yet there is no indication that the ground state
of benzyne is anything but a closed-shell singlet.!> The
qualitative picture in vogue supposes that benzyne’s “triple”
bond is shorter than the 1.39 A of a normal benzenoid bond
because two electrons occupy a weakly bonding orbital
whose maximum electron density lies in the molecular
plane, and whose parentage in benzyne can be traced to the
C-atom orbital contributions from the vicinal C-H bonds of
benzene that no longer exist in benzyne. If this is so, then
presumably there is some strain-induced rehybridization,
making the atomic carbon orbitals of the “triple” bond
more than one-third p-like, and (see Figure 1) giving the or-
bitals of the adjacent C-C bonds a hybridization between
sp? and sp. The bond lengths and bond orders of benzyne
were first estimated previously in connection with semiem-
pirical theoretical calculations.® Some calculations indicate
a shortening of the C;-C,; bond and lengthening of the
C4-Cs bond, and a “triple bond” structure, although one
calculation suggests a cumulene-like structure.’

The only experimental hints directly cogent to the geom-
etry and bonding of benzyne come from the infrared spec-
trum of the species frozen in an inert matrix. This spectrum
was obtained by Chapman, Mattes, Mclntosh, Pacansky,
Calder, and Orr.2 The microwave spectrum has not been re-
ported and the electronic spectrum® appears to consist of a
featureless continuum whose energy range and intensity are
consistent with the interpretation just given for the “triple”
bond, that the “in-plane” carbon orbitals form ethylene-like
bonding and antibonding orbitals whose bonding and anti-
bonding strength are both significantly weaker than in a
normal 2p~ olefinic bond. However, the electronic spectrum
contributes no positive information about the structure.

We report here an interpretation of the infrared vibra-

tional spectrum of benzyne, as reported by Chapman et al.,2
from which we infer the normal coordinates, the bond
lengths, and bond orders and predict the infrared spectrum
of benzyne-d4. We shall show that its infrared spectrum
implies that benzyne has alternating bond lengths consis-
tent with the aryne-like structure I.

Analysis of Data

The infrared spectrum of benzyne between 400 and 1700
cm~! was reported by Chapman et al. to exhibit eight
bands, at 469, 736, 849, 1038, 1053, 1451, 1607, and 1627
cm™!, No spectrum was reported for higher frequencies.
We assume that the benzyne molecule has Cs, symmetry.
The molecule has normal modes of vibration that transform
according to the four symmetry species of this point group,
as follows: Ay, nine; A, four; By, three, and B, eight. The
A; and B, species represent out-of-plane motion and the A,
and B, species, in-plane motion. The A, modes are in-
frared-inactive but Raman-active; the other three sets of
modes are infrared-active.

We carried out a normal mode analysis with a valence
force field model, in which we allowed some variation of the
bond lengths and angles, as well as of force constants, to op-
timize the fit between model and observation. Specifically,
we assume that

11 = R(C3-Cy) = R(C5-Co)
ts = R(C1-Cg) = R(C2-C3)
and define
12 = R(C4-Cs)
s = R(Cy-C)
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